Corundum + quartz as an assemblage has been reported in a limited number of high to ultra high grade metamorphic terrains. It is worth noting that rocks hosting this unusual assemblage have common features with respect to mineral assemblages, textures, metamorphic conditions and geological environments. In addition to corundum and quartz, these rocks are characterised by variable amounts of magnetite, spinel, ilmenite together with rutile and sillimanite/kyanite in Fe rich rocks; and sapphirine, orthopyroxene, garnet and cordierite in more Mg rich rocks. These rocks are characterised in general by (i) coarse grained texture with inclusions of corundum and spinel in magnetite, (ii) sharp contact between corundum and quartz and/or separated by a thin rim of sillimanite or kyanite between these two minerals, (iii) presence of spinel + quartz, sapphirine + quartz in equilibrium as well as osumilite. Although there has been some discussions in the past concerning whether "corundum + quartz" assemblage represents a "thermodynamic" stable or metastable assemblage, it is clear that this assemblage observed mainly in the magnetite ilmenite spinel bearing rocks is "texturally" stable. On the basis of the available experimental and thermodynamic data as well as natural occurrences, we conclude that this assemblage is consistent with ultra high temperature metamorphic environments (up to 1100°C at pressure of 7 to 12 kbars). Therefore, its presence in natural rocks should draw close attention from field metamorphic petrologists working on deep crustal processes.
Introduction
Ultra high temperature granulite facies conditions are characterized by typical parageneses including sapphirine + quartz or spinel + quartz. These assemblages often represent the only remaining of very high temperature conditions as geothermometers based on exchange reactions have been often reset during retrogression. Even though, such very high temperature assemblages can only be inferred from deciphering reaction textures. Therefore, proofs that temperatures above 1000°C existed in the continental crust at one stage of the orogeny are scarce and difficult to establish. Consequently, field metamorphic petrologists should look for as many tools as possible to assess the occurrence of very high temperature metamorphism. A possible candidate is the corundum + quartz assemblage; this assemblage has been described in low and medium P T rocks (e.g. Bottrill, 1998) consistent with its metastability. However, it has also been reported in a very limited number of places in the world, characterized by high to ultra high grade metamorphic terrains (T ≥ 1000 o C) and intermediate pressure (up to 12 kbars) where it could have been a thermodynamically stable assemblage. Nevertheless, the wide acceptance of this assemblage as a marker for very high temperature has been impaired by the uncertainty on its "stability" under crustal conditions. In earlier works, thermodynamic equilibrium of the "corundum + quartz" assemblage was thought possible (Aramaki and Roy, 1963; Krogh, 1977; Guiraud et al. 1996; Shaw and Arima, 1998) . However, new thermodynamics datasets suggest that the assemblage is metastable over all geological conditions (Harlov and Milke, 2002 and references therein). Therefore, whether "corundum + quartz" constitutes a real geothermobarometric assemblage for high T granulites is worth to be discussed.
In this paper we will review the occurrences of corundum + quartz in nature with special emphasis to the possible origin of this assemblage and its geological implications.
Natural occurrences of "corundum + quartz" assemblage
The Vestpolltind Fe Mn deposit, Lofoten Vesterålen, N. Norway
The first time that corundum + quartz assemblage was reported in natural rocks was by Krogh (1977) in the Vestpolltind Fe Mn deposit. This deposit occurs within high grade metamorphic rocks and consists mainly of magnetite with secondary hercynite, quartz, sillimanite, garnet and secondary kyanite formed by a breakdown reaction of quartz + corundum. In addition, these rocks are characterised by the coexistence of primary spinel + quartz assemblage in equilibrium. The peak metamorphic conditions reached in the area are 9 11 kbar and 940 ± 50°C.
The Kanskaya Formation, Yenisey Range, Eastern Siberia Perchuk et al. (1989) have reported from the metapelitic rocks in the Kanskaya Formation (Eastern Siberia), the presence of large grains of corundum either as inclusions in magnetite or separated from quartz and cordierite by a sillimanite rim. In addition, these rocks are characterised by the presence of spinel + quartz assemblage in equilibrium formed by the breakdown reaction between orthopyroxene and sillimanite, or separated by garnet and sillimanite assemblage. The peak metamorphic conditions for Kanskaya Formation are estimated at T≥ 900°C and P ≥ 8 kbar (Perchuk et al. 1989 ).
The Archaean Napier Complex, Antarctica
In the Napier Complex, corundum + quartz assemblages are described in spinel bearing quartzites (Motoyoshi and Matsueda, 1987; Motoyoshi et al. 1990 ). Corundum and quartz are observed either in direct contact or separated by a thin rim of sillimanite. These rocks are characterised by the presence of spinel + quartz assemblage in equilibrium, which is interpreted as typical of the high temperature stage of metamorphism in the area (Ellis et al. 1980 ). In addition, sapphirine, orthopyroxene, sillimanite, cordierite, ilmenite and magnetite are also present. The spinel bearing quartzites occur within the same area where sapphirine + quartz as well as osumilite have been reported (Ellis et al. 1980; Motoyoshi and Matsueda, 1987) . The peak metamorphic conditions estimated for the area are 950 1050°C and 7 10 kbars (Motoyoshi et al. 1990 ).
The Ihouhaouene area, Hoggar Shield (Algeria)
According to Guiraud et al. (1996) the corundum + quartz assemblage is observed in the magnetite bearing quartzites. Here corundum and quartz are observed as inclusions within large crystals of magnetite where they display sharp contact to each other without any reaction feature. The peak metamorphic conditions for the Ihouhaouene area are estimated at about 10 kbar and 950°C (Guiraud et al. 1996 and references herein).
The Eastern Ghats Belt in India (EGB)
According to Shaw and Arima (1998) , corundum + quartz is observed in rocks that occur as small elongated lenses within Fe rich metapelitic rocks. In these rocks, both corundum and spinel are separated from quartz either by sillimanite or by garnet + sillimanite assemblage. In addition, these rocks are characterised by the presence of ilmenite, magnetite, garnet, with minor biotite and K feldspar. The peak metamorphic conditions recorded in the area are estimated at about 12 kbar and 1100°C (Shaw and Arima, 1998 , and reference herein).
The Namaqualand Metamorphic Complex (NMC) in South Africa
Corundum + quartz assemblage is observed in magnetite bearing rocks occurring in the high grade metamorphic zone in the core of the NMC (Mouri et al. 2003 ). This zone is characterised also by the occurrence of spinel + quartz assemblage (Waters, 1991) as well as osumilite (Nowiscki et al. 1995) . Both spinel and corundum typically display a sharp contact with quartz. However, in some microdomains corundum and quartz as well as spinel and quartz are also observed to be separated by a thin corona of sillimanite. The observed textural features suggest that quartz + corundum as well as quartz + spinel reacted during the late stage of metamorphism probably at high temperature to form sillimanite.
The Highland Complex, Sri Lanka
More recently corundum + quartz assemblage has been observed in high grade granulite facies quartzofeldspathic corundum garnet sillimanite spinel gneiss from the central Highland Complex of Sri Lanka. UHT pelitic metamorphic rocks from the area are characterized by the garnet + sapphirine + quartz assemblage whereas their mafic counterparts are characterised by garnet + clinopyroxene + quartz . Osumilite is also found as inclusions in garnet in the western part of the Highland Complex . The aluminous quartzofeldspathic gneiss contains three specific divariant assemblages. These include garnet + corundum + quartz as the peak metamorphic assemblage, with garnet + corundum + sillimanite and garnet + sillimanite + spinel as apparent products of retrograde metamorphism. The peak metamorphic conditions estimated for this complex are >1100°C and 12 kbar. Garnet porphyroblasts coexisting with corundum and quartz contain kyanite inclusions. This would suggest that the peak metamorphic conditions could have reached 16 17 kbar ).
Discussion
From the examples described above it would appear that all the rocks which host the unusual corundum + quartz assemblage have common features with respect to their mineral assemblages, textures, metamorphic conditions and geological environments. These rocks contain variable amounts of magnetite, spinel, ilmenite, corundum and quartz with possible addition of rutile and sillimanite in Fe rich rocks; sapphirine, orthopyroxene, garnet and cordierite are also observed in more magnesian rocks. However, although there is a range in Fe Mg ratio, the bulk rock composition -and probably the protolith of these metamorphic rocks -is one of magnetite bearing quartzite or banded iron formation. The corundum quartz bearing rocks display common textural relationships. In general, they are characterised by (i) coarse grained texture with exsolution features, inclusions of corundum and spinel frequently in large crystals of magnetite, (ii) sharp contact between corundum and quartz and/or presence of a thin rim of sillimanite or kyanite between these two minerals, (iii) presence of spinel + quartz and sapphrine + quartz in equilibrium. The metamorphic conditions, are conspicuously restricted to the ultra high grade terrains recording temperature up to 1100°C at pressure of 7 to 12 kbars. It is worth noting that most rocks that are hosting the corundum + quartz assemblage are often associated in the field with high temperature magmatic intrusions such as anorthosites in the Namaqualand Metamorphic Complex (Mouri et al. 2003 ) and the Ihouhaouene area, Hoggar Shield in Algeria (Ouzegane et al. 2003) and mangerites in the Vestpolltind Fe Mn deposit, Lofoten Vesterålen, N. Norway (Krogh, 1977) .
According to Clark et al. (1957) , Carr (1968) , Steefel and Atkinson (1984) , Powers and Bohlen (1985) , Shulters and Bohlen (1989) , Motoyoshi et al. (1990) and Harlov and Milke, (2002) the coexistence of corundum + quartz assemblage is metastable in nature. Carr (1968) stated that the stability of this assemblage could be apparent and should not be interpreted as true thermodynamic stability in the absence of unequivocal evidence. This author stated that the easy synthesis of corundum + quartz could be due both to the structural preferences imposed by disorder and also to high purity in amorphous reactants. The statement of this author is based partly on the non observation of corundum + quartz assemblage in nature before 1968, which therefore allowed him to support strongly the metastability of this assemblage. However, in 1977, when Krogh observed for the first time corundum + quartz assemblage with kyanite forming reaction in rocks that are metamorphosed under high grade conditions (9 11 kbar and 940 ± 50°C), he stated that this assemblage might reflect true stability in nature. The same conclusion had been suggested earlier by Aramaki and Roy (1963) on the basis of experimental observations. According to Krogh (1977) , a relatively high content of Fe 3+ might "stabilise" corundum + quartz rather than sillimanite or andalusite, but kyanite is expected to be stable. Later on, thermodynamic calculations by Anovitz et al. (1993) supported the stability of "corundum + quartz" assemblage in nature and showed that this assemblage might be stable at ultra high temperature conditions (T ≥ 1100°C) and high pressure (≈16kbars). In more recent work, Guiraud et al. (1996) stated that this assemblage could be stable at much lower pressure if the effect of Fe 3+ on sillimanite and corundum and the uncertainties in enthalpies of formation of these phases and quartz are accounted for. Using the thermodynamic database of THERMOCALC available at that time (Holland and Powell, 1990) , they stated that corundum + quartz could be stable at pressure as low as 11 14 kbar at T=1000 1100°C. These data were consistent with those obtained by Shaw and Arima (1998) who used the same thermodynamic database. However, more recent thermodynamic database have contradicted this result, and the current data set for THERMOCALC (Holland and Powell, 1998) , suggests that "corundum + quartz" is metastable, as proposed by Harlov and Milke (2002) . These discrepancies show that the stability of "corundum + quartz" under granulite facies conditions remains very uncertain due to small differences in the Gibbs energy of the different assemblages. For example, pseudosection calculations undertaken for the bulk composition (SiO 2 6.06, Al 2 O 3 2.18, MgO 2.91, FeO 65.15, TiO 2 1.71, O 2 21.99) and with the latest THERMOCALC dataset (Holland and Powell, 1998) show that the Gibbs free energy for sillimanite + ilmenite + magnetite + quartz is only 0.02kJ less than corundum + quartz + rutile + magnetite over the P T range 4 10kb and 600 1200°C. Therefore, if corundum (or quartz) crystallizes, the difference in Gibbs energy between the different assemblages could be smaller than the activa-tion energy of the reaction Quartz + Corundum Sillimanite which, could not therefore proceed. In the light of this last point, the most plausible assumption often proposed is that corundum is exsolved from hercynitic spinel in the presence of quartz (Waters, 1991; Guiraud et al. 1996; Shaw and Arima, 1998; Mouri et al. 2003) . According to the experimental data a complete hercynite magnetite solid solution exists at temperatures of > 860°C and 2 kbar (Turnock and Eugster, 1962) , above 800°C at 4 kbar (Lehman and Roux, 1986) and at 900°C 1000°C at 1 kbar (Mattioli and Wood, 1988) . Moreover, some calculations undertaken on the assemblage spinel, corundum, magnetite, ilmenite and rutile in FeO Al 2 O 3 O 2 and FeO Al 2 O 3 TiO 2 systems also suggest a high temperature for the exsolution of corundum: using mineral compositions and textures in the corundum quartz rocks from Namaqualand, an initial composition of spinel prior to corundum exsolution has been roughly estimated at XFe = 0.95 and XAl = 0.05. Using THERMOCALC with the internally consistent databases of Holland and Powell (1998) gives 940 and 980°C and pressure of 7 10 kbar for the assemblage spinel + magnetite + ilmenite + corundum . In addition, calculation of the stable intersection involving hercynite, corundum, magnetite, ilmenite, rutile and O 2 yielded temperatures of 1186°C and 1371°C at 2 and 10 kbars respectively. Calculations using the analysed spinel (XFe = 0.65) yielded minimum temperatures of 698°C and 904°C at pressure of 2 and 10kbar respectively.
The persistence of the corundum + quartz texture depends on diffusion processes: if fluid is present, it is likely that corundum and quartz will react to give an Al silicate as it is observed in some natural examples. Therefore, the persistence of corundum + quartz also suggests dry conditions. Thus, on the basis of the natural occurrences and the available thermodynamic data, the "textural" stable "corundum + quartz" assemblage observed mainly in the magnetite ilmenite spinel bearing rocks is consistent with ultra high temperature and dry conditions and certainly deserves close attention from field metamorphic petrologists working on deep crustal processes.
